Summary
Introduction
Seismic resilience as defined in this paper describes the loss and loss recovery required to maintain the function of the system with minimal disruption. So while mitigation may emphasize use of new technologies and implementation of policies to reduce losses, the resilience considers also the recovery process including behavior of individuals and organizations in the face of a disaster. A wealth of information is available on specific actions, policies or scenarios that can be adopted to reduce the direct and indirect economic losses attributable to earthquakes, but there is little information on procedures on how to quantify these actions and policies. Seismic resilience can compare losses and different pre-and post-event measures verifying if these strategies and actions can reduce or eliminate disruptions in the presence of earthquake events. Bruneau et al. (2003) offered a very broad definition of resilience to cover all actions that reduce losses from hazard, including mitigation and more rapid recovery. The authors suggested that resilience can be conceptualized along four interrelated dimensions: technical, organizational, social and economic (TOSE). They defined a fundamental framework for evaluating community resilience without any actual quantification and implementation. Chang and Shinozuka (2004) proposed a series of quantitative measures of resilience and demonstrated them in a particular case study of an actual community, the seismic mitigation of Memphis water system. This paper attempts to provide a quantitative definition of resilience through the use of an analytical function, which allows identification of quantitative measures of resilience. More detailed information can be found in Cimellaro, Reinhorn et. al. (2006) .
Definitions and Formulations
To establish a common frame of reference, the fundamental concepts of resilience are analyzed, a unified terminology is proposed and an application to health care facilities is presented: (I, location) , is the most difficult quantity to predict and it typically depends on the earthquake intensities, the type of area considered and the availability of resources such as capital, materials and labor following a major seismic event. Resilience is defined graphically as the normalized shaded area underneath the function shown in Figure 1 where in the x-axis there is the time range considered to calculate resilience while in the Y-axis there is the functionality Q(t) of the system. Analytically resilience can be expressed by equation (1):
Where NE is the number extreme events expected during the lifespan (or control period) T LC of the system, NI is the number of different extreme events intensities expected during the lifespan (or control period) T LC of the system; T RE is the recovery time from event E; t 0E is the time of occurrence of event E; L(I,T RE ) is the normalized loss function; f REC (t,t 0E , T RE ) is the recovery function; P(I) is the Probability that an event I of given intensities happens in a given time interval T LC ; pE(0,T LC ) is the probability that an event happens E times in a given time interval T LC ; αR is a recovery factor and H(t0) is the Heaviside step function. In equation (1) there are the loss function L(I,T RE ), the recovery function f REC (t,t 0E , T RE ) and the fragility function that does not appear explicitly, but it is included in the loss function that will be defined in the following section.
Loss Function
Losses associated with extreme events are highly uncertain and they are different for every specific scenario considered, but considering all the possible cases some common parameters that influence the losses can be identified. In fact, the loss function L(I,T RE ) can be expressed as a function of earthquake intensity I and recovery time T RE (downtime 
Where P j is the probability of exceeding a performance limit state j conditional an extreme event of intensity I happens (the fragility function); C s,j are the building repair costs associate to a j damage state; I s are the replacement building costs; r is the discount annual rate: t i is the time range in years between the initial investments and the time occurrence of the extreme event; δ i is the depreciation annual rate. A similar formulation is used for nonstructural direct economic losses L NS,DE,k (I) where an identical term to equation (2) is obtained for every nonstructural component used inside the affected system. This term can be much higher than the structural losses in essential facilities like hospitals or research laboratory.
The direct causalities losses L DC are expressed as ratio between the number of person injured N in over the total number of occupants N tot :
The number of injured people N in in fatal and nonfatal manner depends on multiple factors like, the time of the day of the earthquake, the age of the population and the number and proximity of available hospitals.
The indirect economic losses L NS,IE (I, T RE ) are time dependent compared to all the previous losses considered. They are the most difficult post-earthquake losses to quantify, because of the different forms they can assume, so at the moment there is no equation for this term. They can be generated by business interruptions, relocation expenses, rental income losses, etc. Finally the total direct losses L NS,D and the total indirect losses L NS,I and the total nonstructural losses NS L are combined in a final term that describe the losses.
Recovery Function
Different kind of recovery functions can be chosen depending on system and society response. Three recovery functions are shown in equation (4): linear, exponential and trigonometric:
The simplest form is a linear recovery function that is generally used when there is no information regarding the society's response. The exponential recovery function is used where the society response to an extreme event is very fast, driven by an initial inflow of resources, but then the rapidity of recovery decreases. Trigonometric recovery function is used when the society response to a drastic event is very slow initially. This could be due to lack of organization and/or resources. As soon the community organizes itself, thanks for example to the help of other communities, then the recovery system starts operating and the rapidity of recovery increases.
Fragility
The calculation of seismic resilience implies the determination of fragility that explicitly appears in the expression of the loss function (2) where the normalized value of the losses is multiplied by P j (R j ≥d.s j /I), the probability of exceeding a given performance level conditional an event of intensity I happens. In N dimensional form can be expressed by the following equation:
Where R i is the response parameter related to a certain quantity (deformation, force, velocity, etc.); r limi is the response threshold parameter related to a certain quantity that is correlated with the performance level. The definition of fragility in equation (5) requires implicitly the definition of the Ndimensional performance limit state thresholds Eq. (6) . The different limit states can be modeled as deterministic or random variables and they can be considered either linear, non linear dependent or independent using an opportune choice of the parameters.
( ) Case Study: Demonstration Hospital
The methodology described above has been applied to an essential facility in the San Fernando Valley in Southern California. The computer program IDARC2D (Reinhorn et al. 2004 ) has been used to perform the non linear time history analysis of the hospital using a bi-dimensional inelastic MDOF model. A series of 100 synthetic near fault ground motions (MCEER database), has been used to build the fragility curves of the building using the procedure described in Cimellaro et al. (2005) . The structural losses for this type of building have been taken equal to 0.2%, 1.4%, 7.0% 14.0% of the building replacement costs for the case of slight, moderate, extensive and complete damage, respectively. A discount annual rate of 4% and a depreciation annual rate of 1% have been used. The nonstructural losses have been taken equal to 1.8%, 8.6%, 32.8% 86% of the building replacement costs for the same damage states. The number of people injured compared to the 4000 people assumed inside the hospital, and the 1000 outside the hospital are for different damage states equal to 0.05%, 0.23%, 1.1%, 6.02% and 75% of the occupants (FEMA 2001) . Severity of the casualties was not differentiated. Other losses like the relocation costs, rental income losses and the loss of income have been also considered using the procedure described in HAZUS for this type of building. Finally, Figure 3 shows the functionality curves related to the four different hazard level considered for different types of recovery functions. The values of resilience functions for the four different hazard levels represented by probability of exceedence (PE) in 50 years are reported in Table 1 . The resilience of the building is almost constant with the increase of earthquake intensity showing a good behavior of the building. If we compare the functionality values, we observe a reduction with the increase of the magnitude as expected due to the increase of the losses and consequentially, the effective recovery time. 
Concluding Remarks
The definition of seismic resilience combines information from technical and organizational fields, from seismology and earthquake engineering to social science and economy. So it is clear that many assumptions and interpretations are made during the study of seismic resilience, but the final goal is to integrate the information from these fields in a unique function that reaches results that are unbiased by uninformed intuitions or preconceived notions of how large or how small the risk is. The goal of this paper is to provide a quantitative definition of resilience in a rational way through the use of an analytical function that may fit both technical and organizational issues. A common frame of reference is established for seismic resilience, a unified terminology is proposed and an application to health care facilities is presented. However, it is important to mention that the assumptions that are made for the case presented are only representative to illustrate the definitions; for other problems users calculating resilience should focus on the assumptions that most influence the problem at hand. 
